Thermally forced atmospheric circulations over the Gulf of Carpentaria region of northeastern Australia are investigated using a mesoscale numerical model. The region is renown for the common occurrence of long westward-moving convective-and wave-cloud lines, including the celebrated ''morning glory'' phenomenon. In the model, it is found that for uniform flows over the region ranging from northeasterly to southeasterly, westward-moving, low-level convergence lines develop over the gulf during the night and early morning. The authors suggest that similar convergence lines in the atmosphere are responsible for the initiation and maintenance of the observed cloud lines. For northeasterly and easterly flow, the convergence lines show little day-to-day variation, despite the relatively long inertial period in the region, which is nearly two days. The calculations, which extend an earlier study by the same authors, lead to a new hypothesis to account for the observed longevity of morning glory bore waves. They provide also an explanation for the marked diurnal oscillation in the lowlevel easterly flow observed at Weipa during a field experiment to investigate the so-called north Australian cloud line.
Introduction
The Gulf of Carpentaria and Cape York Peninsula region 1 of northeastern Australia is distinguished for the regular occurrence there of a range of convective-and wave-cloud lines. These include the celebrated ''morning glory'' phenomenon, a spectacular traveling wavecloud system commonly observed over the southern part of the gulf and adjacent seaboard [see Smith (1988) and Christie (1992) for recent reviews], and the socalled north Australian cloud line (NACL), a line of convective cloud that is seen in satellite imagery to extend frequently across the entire gulf (Drosdowsky and Holland 1987; Drosdowsky et al. 1989) . Both types of disturbance form on the western side of the peninsula, the former typically in the late afternoon and the latter in the late evening, and they both move with a westward component across the gulf. Moreover, both are responsible for significant weather events in the region. The morning glory is accompanied by sudden wind squalls, intense low-altitude wind shear, and a marked vertical displacement of air parcels, sometimes sufficient to initiate showers or thunderstorms in the wake of the disturbance. The NACL brings a wind change also, and while the depth of convection is sometimes limited by an inversion at a height of about 3 km, embedded showers and thunderstorms may occur at times of the year when the air over the gulf is sufficiently moist. On occasion, the morning glory forms the southern extension of the NACL (Smith and Page 1985) .
There is much evidence that the majority of both types of disturbance have their origin in organized mesoscale circulations that develop over the peninsula and adjacent gulf associated with sea breezes (Clarke et al. 1981; Clarke 1984; Smith 1986, 1987; Drosdowsky et al. 1989 ). However, some morning glory disturbances moving from the south are generated by frontal systems crossing central Australia (Smith et al. 1995; Smith et al. 1986) .
Some insight into the precursors of cloud line formation was provided by the study of sea-breeze circulations over Cape York Peninsula by Noonan and Smith (1987;  henceforth referred to as NS) using the three-dimensional mesoscale numerical model developed by Pielke and collaborators (McNider and Pielke 1981) . This model was initialized at sunrise (0600 EST 2 )
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Ϫ1 ) easterly geostrophic airstream with a temperature sounding characteristic of the Coral Sea in November. The integration, which covered a 20-h period, showed the evolution in the late afternoon and evening of a westward-moving convergence line over the southern part of the peninsula and over the northern gulf. It was hypothesized that this line is the model analog of the convergence line that initiates the NACL and northeasterly morning glories. However, there were many limitations of the calculation, necessitated at that time by computational constraints. One was the relatively small size of the computational domain, which included only the eastern half of the gulf and little of the southern gulf seaboard. Furthermore, the calculation lasted less than half an inertial period and did not consider the effects of orography. In the intervening years, computational resources have improved markedly, as has the efficiency of numerical models, and the present paper revisits the problem, seeking to remove the foregoing limitations and to investigate additional questions.
Several outstanding questions that will be addressed here are the following.
R What is the effect of orography on the circulations over Cape York Peninsula? R How are the mesoscale circulations over the peninsula and over the gulf affected by changes in the geostrophic wind direction over the region and which directions are favorable or unfavorable for the formation of the morning glory convergence line? R How representative is the evolution of the mesoscale circulations in the calculation by NS in view of the long inertial period (about 46 h) in the gulf region? R Do the sea-breeze circulations on the western side of the gulf have any significant effect on those on the eastern side and in particular on the formation of convergence lines over the gulf? For example, do the persisting effects of inertial turning induced in the low-level flow over the western side of the gulf have any appreciable effect on the flow over the eastern half? In the calculations by NS, the influence of the sea-breeze circulations on the western side of Cape York Peninsula extended to the central gulf by the evening and inertial turning of the low-level winds persisted until the calculation terminated at 0200 EST on the following morning (see also section 4a below).
A further question arose from a field experiment carried out in October 1986 to study the NACL (Holland et al. 1986) . From serial radiosonde soundings at Weipa during the experiment it was found that there was a regular diurnal oscillation in the strength of the zonal flow when the flow over the peninsula was easterly. The oscillation had a maximum amplitude at a height of about 900 mb and there was little corresponding signal in the meridional wind component. We explore here the reason for this oscillation and give a dynamical explanation for its occurrence. The existence of these oscillations calls into question the representativeness of radiosonde and/or rawinsonde soundings made at Weipa and at other stations where such oscillations occur.
In essence we present the results of a series of numerical experiments encompassing a much larger domain than that used by NS, covering the entire gulf, part of the ''Top-End, '' 3 and a substantial region to the south. The calculations include orography and extend for a period of 84 h (nearly two inertial periods). Like the previous model, the present one considers only dry convection.
A brief description of the model is given in section 2. In section 3 we present the results of a series of model integrations with and without orography and with a uniform geostrophic wind from different directions. The calculations enable us to provide a rather comprehensive picture of the diabatically forced mesoscale circulations that commonly occur in the region and of the low-level convergence lines to which they give rise.
The numerical model
The model used is LADM (the Lagrangian Atmospheric Dispersion Model), a hydrostatic primitiveequation model developed at the Commonwealth Scientific Industrial and Research Organization (CSIRO) Division of Atmospheric Research in Australia (Physick et al. 1994) . It is fully compressible and formulated in an (x, y, ) coordinate system where ϭ p/p s , p being the pressure, and p s , the surface pressure. The momentum, heat, and moisture fluxes are parameterized using the scheme of Louis (1979) . In the surface layer, the Obukhov flux-profile relationships are specified in terms of numerically fitted functions of bulk Richardson number. Above the surface layer, a gradient diffusion approach is used to calculate the turbulent fluxes. Shortand longwave radiation parameterizations are used also. The sea surface temperature is kept constant at 300 K, and the surface temperature over land is diagnosed from a surface heat balance condition at each time step. A heat diffusion equation is solved at six levels in the soil to compute the heat flux into or out of the ground. Each grid point can be representative of a grid square that consists of part land and part water. The horizontal advection and geostrophic adjustment processes are evaluated separately and a semi-Lagrangian method is used to compute the horizontal advection. An advantage of this scheme is that it allows the advective terms to be evaluated using a larger time step than that determined by the Courant-Friedrichs-Lewy criterion for an Eulerian-based scheme, hence improving the speed of the model.
The plotting domain is shown in Fig. 1 . The calculation domain is larger than this in order to reduce the influence of boundary effects in the region of interest. It has 120 ϫ 90 grid points in the horizontal with a grid spacing of 20 km. The model has 25 levels in the vertical with finer resolution in the boundary layer. The approximate heights of the sigma levels below 3 km are the same as in the NS calculation [i.e., 2 m ( ϭ 0.9998), 10, 50, 100, 300, 500, 700, 900, 1200, 1500, 2000, 2500, and 3000], as are the surface parameters, which are detailed in Table 1 of NS.
The model experiments
Each 84-h model run starts at 0200 local solar time (LST) on day 1 and continues until 1400 LST on day 4 to provide three realizations of the morning glory convergence line. As in the calculation of NS, the model is initialized at each grid point with the November mean vertical profiles of temperature and humidity from Willis Island (east of Cape York Peninsula) and a uniform geostrophic wind speed. We present the results of four calculations.
In the control experiment, a uniform easterly wind with a speed of 8 m s Ϫ1 is taken; this is 3 m s Ϫ1 larger than in the NS calculation (without orography) and was chosen because, as shown below, the orography tends to delay the formation of nocturnal convergence lines.
In a second experiment, we repeat the control calculation but without orography. Finally, we report on two other experiments with orography and with a uniform northeasterly or southeasterly geostrophic wind again with a speed of 8 m s Ϫ1 .
Easterly geostrophic flow a. Evolution of the circulation
We study first the evolution of the thermally induced circulations in the region of interest for the control experiment. In many respects this is similar to that in the NS study, but the present discussion covers an extended time period and investigates other features, including the evolution in selected vertical cross sections. Figure 2 shows vector plots of the surface wind for this experiment at three selected times (1400, 2200, and 0600 LST) starting on the afternoon of day 1 and ending on the morning of day 3. A prominent feature of the flow at 1400 LST on day 1 is the presence of an onshore sea-breeze circulation along the west coast of Cape York Peninsula with strong low-level convergence near the coast. Along the east coast of the peninsula the flow is onshore and consequently no sea-breeze front develops there, although later in the day a front develops far inland (see below). By 2200 LST, the sea breeze along the west coast has largely collapsed, although manifestations of the sea-breeze circulations over the peninsula and the gulf remain, as is evidenced by the deviations of the surface flow from its undisturbed state. These deviations are associated with inertial motion of the lowlevel flow. At this time, what was previously the seabreeze convergence line along the west coast of the peninsula has moved westward over the gulf, while, as a continuation of this line over the southwestern part of the peninsula, the easterly flow has developed a line of marked convergence also. We suggest that it is the atmospheric counterpart of this line that initiates the morning glory disturbance, while its northwestern extension over the gulf is instrumental in the formation of the NACL (Drosdowsky et al. 1989) . By 0600 LST on day 2 the convergence line in the south of the gulf has moved westward to a position that is typical of morning glory cloud lines at this time, whereas the northern part of the line has largely decayed. The latter result may be an indication that moist convection is a necessary component in the maintenance of low-level convergence required to account for the observed longevity of NACL. The convergence line in the south decays in the late morning as the sea-breeze flow along the southern gulf coast becomes reestablished. A similar sequence of events occurs on the following two days (the last day is not shown), and while the details differ slightly because of the different starting conditions at sunrise, the principal features described above are present. Some of the day-to-day changes are highlighted in Figs. 3-5, which help also to elucidate the dynamical processes that are involved.
Longitude-height cross sections of the isentropic surfaces below 3.5 km along the latitude of Mornington Island are shown in Fig. 3 at four hourly intervals between 1800 LST on day 1 and 0600 LST on day 2, and Fig. 4 shows the corresponding isotach cross sections of the zonal (u) and meridional () wind components
Vector plots of the surface wind in the control experiment at three selected times (1400, 2200, and 0600 LST) starting on the afternoon of day 1 and ending on the morning of day 3.
Vertical cross sections of the isentropic surfaces below 3.5 km along the meridian that passes through Mornington Island in the south of the gulf at selected times: (a) 1800 LST on day 1, (b) 2200 LST on day 1, (c) 0200 LST on day 2, and (d) 0600 LST on day 2. for the same period. A conspicuous feature in the isentropes at 1800 LST is the scarcity of contours below 2 km over the western side of the peninsula and over land near the western edge of the domain, indicating the development of a deep convectively well-mixed layer there during the daytime. The region of nearly vertical contours over the eastern side of the peninsula and over the land immediately to the west of the gulf indicate the inland development of the mixed layer with the mean potential temperature increasing inland. Prominent features of the zonal wind field at 1800 LST are a region of accelerated easterly flow over the ranges on the eastern half of the peninsula together with a shallow region of westerly flow on the eastern side of the gulf-the west coast sea breeze on the peninsula (Fig. 4a) . The return branch of the sea-breeze circulation is evident in the region of enhanced easterly flow overlying the maximum in the westerly component. The most noticeable feature in the meridional wind component is the seabreeze circulation near the southern gulf coast, which lies on the western side of the cross section.
By 2200 LST, the air at low levels over the land has begun to stabilize, and over the peninsula there is a marked westward gradient of temperature below 1800 m, the maximum occurring at low levels near the west coast (Fig. 3b) . The region of supergeostrophic 4 (Ͼ8 m s Ϫ1 ) easterly winds has extended across much of the peninsula and is overlain by a region with a subgeostrophic easterly component of flow (Fig. 4b) . The westerly sea-breeze component is now shallower but extends across much of the gulf in this cross section. The cross section shows a northerly ''jet'' over the western side of the peninsula underlying a region of marked southerlies. The development of these features can be attributed both to the meridional variation of the orography
Vertical isotach cross sections of the zonal (u) and meridional () wind components below 3.5 km along the same latitude circle as in Fig. 3 and at the same times: (a) 1800 LST on day 1, (b) 2200 LST on day 1, (c) 0200 LST on day 2, and (d) 0600 LST on day 2. The dashed lines indicate negative values, i.e., an easterly or northerly component of flow. and to inertial effects, which manifest as a Coriolis turning of the wind. As time proceeds, during the early hours of the morning, the pronounced jump in the isentropes near the western side of the peninsula translates westward (Figs. 3c and 3d) , accompanied by the westward extension of the easterly surge over the peninsula (Figs.  4c and 4d) . The regions of low-level northerly and higher-level southerly components associated with this surge strengthen during the afternoon and evening, becoming steady after midnight. Also they increase in extent as they progress westward. Note that, even as late as 0600 LST, the maximum easterly component continues to lie over the higher ranges to the east, whereas the maximum in the northerly component translates westward across the gulf (see section 5). The near-surface transition from a southerly to a northerly component over the gulf corresponds with the model analog of the morning glory convergence line. The region of strongest temperature gradient in the lowest few hundred meters remains close to the west coast of the peninsula and does not translate with the surface convergence line. Figure 5 shows a space-time cross section of the u and isotachs at a height of 100 m above the surface, calculated along a latitude circle that passes through Mornington Island in the southern part of the gulf, for the 72-h period commencing at 1400 LST on day 1. Note that the principal features of the isotach pattern are similar on each day of the simulation. In the u fields these features include the development around midday
Comparison of the surface wind speed and direction, potential temperature, and water vapor mixing ratio on days 2 and 3 of the model calculation with the mean (thick line) of a five-week period at Burketown in September-October 1991. of the sea breeze on the west coast of the peninsula and over the gulf, the acceleration of the onshore flow inland of the east coast of the peninsula during the daytime, and the formation in the early evening of a line of sharp convergence at the leading edge of this flow over the western side of the peninsula. Subsequently, this convergence line, essentially the sea-breeze front from the east coast sea breeze, crosses the peninsula and interacts with the west coast sea breeze to form what we shall refer to as the morning glory convergence line, although, in reality, the line may be accompanied by a line of convective clouds (the NACL) instead of the morning glory wave cloud. This convergence line continues to advance westward with a speed of about 10 m s Ϫ1 . At Mornington Island township (grid point 21) the transition from southwesterlies to southeasterlies occurs a little after 0700 LST on day 1 and about an hour earlier on days 2 and 3, all within the range of observed times. The morning glory convergence line is a pronounced feature also in the fields (Fig. 5b) , where the maximum north-south gradient occurs near the west coast of the peninsula around 0200 LST on day 1 and around midnight on days 2 and 3 (as is the case for the maximum gradient in the u component). Note that the maximum and minimum of the meridional component are displaced westward with the convergence line, whereas the maximum easterly component remains tied to the orography on the eastern side of the peninsula and is largest during the daylight hours, a feature seen also in the space-height cross sections in Fig. 4 .
b. Comparisons with observations
The conventional data network in the gulf region is rather sparse but detailed data have been obtained at specific locations during various field experiments. These data include, inter alia, surface measurements of temperature, humidity, pressure, wind speed, and wind direction at Burketown for a five-week period in September and early October 1991; daily 0430 EST radiosonde soundings at Burketown for the same period; and daily radiosonde soundings at Macaroni Station for a three-week period in October 1981 (Clarke 1983 ). While we cannot expect good agreement in all detail, if only for the reason that the assumed uniform geostrophic wind is not observed over the region in any particular case, it is of interest to determine the extent to which the model mimics the observed diurnal variation and the observed soundings.
A comparison of the surface wind speed and direction, potential temperature, and water vapor mixing ratio on days 2 and 3 of the model calculation with the fiveweek mean obtained at Burketown in 1991 is shown in Fig. 6 . The model data are based on hourly output. On the whole, the comparison is remarkably good, the diurnal variation of all parameters being well captured by the model, notably the wind direction, although the late afternoon wind speeds are too light. Also, the modelpredicted potential temperatures are a little too cool during the afternoon. The mixing ratio is a few grams per kilogram more than that observed, a feature that is probably a result of the sea surface temperature (SST) in the gulf being a little cooler than that in the model. In the model, the SST is the same for all bodies of water and is based on November conditions, whereas the observations were carried out in September and early October.
The precise timing of the model morning glory onset is difficult to determine from Fig. 6 , but it would appear to be between 0400 and 0600 LST. At Burketown, northeasterly morning glories are relatively uncommon before 0500 LST; typically the surge arrives within the time period 0500-1000 LST, the mean time being about 0730 LST. Thus, the onset in the model is at the early end of the observed range. This suggests that the 8 m s Ϫ1 easterly flow is on the high side of the normal range of values over the region. Figure 7 compares the day 2 to day 4 average vertical profile of potential temperature at Burketown at 0430 LST with the mean soundings observed there on morning glory days during the 1991 experiment. In the model, the potential temperatures below 3 km are 1Њ-3ЊC cooler than those observed, the largest difference being below 1 km. The mixed layer, itself, is better defined in the observations, but an average for the early period of the experiment shows closer agreement with the model (see Menhofer et al. 1997) . Figure 7 shows also the average of the day 3 and day 4 vertical profiles of potential temperature at 0000 LST at Macaroni Station on the western side of the peninsula. The actual depth of the mixed layer is at the lower end of the range that is typically observed over the western side of the peninsula during the late dry season; in October this is around 3-4 km (Clarke 1983 ). The reason is probably because of the relatively coarse vertical resolution of the boundary layer above 1500 m. The profile on day 1 of the simulation has a mixed-layer depth of only 2.5 km. Figure 8 shows time-height isotach cross sections of u and and the corresponding isentrope cross sections for the 72-h period commencing at 1400 LST on day 1 at Burketown where many observational data have been obtained (see Smith 1988 for references). Notable features of the isotachs include the onset of a shallow westerly component of flow (u Ͼ 0), which commences in the late afternoon as the northerly (onshore) sea-breeze flow and its remnants rotate anticyclonically through north. Prior to the morning glory onset between 0400 and 0600 LST, this low-level flow has become a southwesterly, as is normally observed (see, e.g., Clarke et al. 1981) . The easterly component of the morning glory surge is evident up to 3 km, being a northeasterly below about 2 km and a southeasterly above. Thus the upper part of the mixed layer is influenced by conditions to the south over land. This is of consequence for the development of a suitable waveguide for the morning glory waves, which includes a deep near-neutrally stable layer above the surface-based stable layer. The shallow southwesterly flow enhances the waveguide properties as well (Crook 1988) .
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Principal features of the isentropes include the formation of a deep well-mixed layer during the daytime and the development during the night of a shallow radiation inversion; a stable layer in the lowest 500 m or so, which is most pronounced in the early morning hours; and a relatively deep layer of air above this with only weak vertical gradients extending to between 2.5 and 3.0 km. All these features are in accord with observations. Note that the stable layer is mostly a result of the inland penetration of sea-breeze air from the gulf, whereas the nearly neutral layer above it is the legacy of air that has been well mixed over land on the previous day. Note also that the morning glory surge is accompanied by a decrease in potential temperature in the lowest few hundred meters, a consequence of the advection and lifting of low-level air from the gulf (Fig.  3d) . It is apparent in Fig. 8c that the depth of the nearly neutral layer steadily increases during the simulation if one judges this depth by following the 306-K contour on days 1 and 2 and then the 305-K contour on day 3. A possible reason for this is discussed below. Figure 9 shows similar time-height isotach cross sections for Macaroni Station on the western side of the peninsula. Here, the onset of the morning glory surge occurs at between 2200 and 2300 LST, which is slightly earlier than is typically observed. The 11 disturbances documented at Macaroni during a 12-day period in October 1981 occurred between 2304 and 0212 LST, the mean time being 0051 LST (Clarke 1983 , Table 4 ). The surge is manifest as a strong northeasterly flow below about 2 km with a southeasterly flow aloft and is preceded by a shallow (Ͻ200 m deep) inland flow-the sea breeze from the gulf. The winds revert to near east- erly at all levels as the convective mixing reaches its peak. At Macaroni, the northeasterly surge is accompanied by cold-air advection in a layer 1.0-1.5 km deep. As at Burketown, the depth of the nearly neutral layer at Macaroni steadily increases during the simulation if one judges this depth by following the 305-K contour in Fig. 9c . The reason for this appears to be that we used a constant sea surface temperature, which is characteristic of the gulf everywhere in the model. In reality, the gulf temperature is a degree or two warmer than that of the Coral Sea. This exposes a weakness of the present formulation, because the initial sounding we used is not in radiative-convective equilibrium in the model and the imposed geostrophic flow warms up a little during the integration. This is reflected also in the growth in depth of the mixed layer over the Coral Sea seen in Fig. 3 ; note that the mixed-layer depth in the initial sounding is only 300 m. We have evidence that this will not have a large influence on the strength of the surge. One of us (JN) carried out a number of twodimensional sensitivity studies in which the initial sounding was varied, but the collision of the sea breezes occurred at more or less the same time and place, and the resulting disturbances had similar strengths.
Orographic effects
The effects of orography on the mesoscale circulations over the peninsula can be judged by comparing the control simulation with the equivalent one in which the orography is omitted. Figure 10 shows a space-time cross section of the near-surface u and isotachs for this calculation, which is again along the latitude circle that passes through Mornington Island. These fields should be compared with the corresponding ones in Fig.   5 . A number of differences are evident. In the run without orography, the large daytime maximum in the easterly flow on the eastern side of the peninsula is absent, showing that, in the control calculation, this feature is an orographic effect. In addition, the region of westerly winds marking the sea breeze along the west coast of the peninsula remains offshore and does not extend over more than half of the gulf in this section. The maximum wind speeds (2 m s Ϫ1 on day 1) are also weaker than those in the control calculation that exceed 4 m s Ϫ1 , and they occur in the early evening, around 1800 LST. In the absence of orography, the line of strong convergence still occurs, but it develops entirely over the gulf and corresponds with a transition from a southeasterly to a northeasterly wind.
The calculation without orography is similar in most respects to that in NS, but because the easterly flow is 3 m s Ϫ1 stronger than that in NS, the westward progression of the convergence line is more rapid. In particular, comparison of this calculation with that in NS shows little evidence that the sea-breeze circulations on the western side of the gulf have a significant effect on those on the eastern side and in particular on the formation of convergence lines over the gulf. Thus any persisting effects of inertial flow induced over the gulf by these sea breezes do not appear to be of consequence for the flow patterns over the peninsula and eastern gulf region.
Northeasterly and southeasterly basic flows
Some of the essential differences between calculations with a uniform northeasterly or southeasterly flow and the control calculation are brought out by a comparison of the space-time cross section of the near-sur- face u and isotachs along the latitude circle that passes through Mornington Island. Figure 11 shows these fields for an 8 m s Ϫ1 northeasterly flow. In this case, the nearsurface flow patterns are broadly repeatable from day to day, as in the control calculation. The westerly seabreeze flow over the gulf penetrates a little farther inland than in the control calculation but does not extend so far westward. A surface convergence line forms again over the western side of the peninsula in the late evening and propagates westward across the gulf. As would be expected, the southerly component of the winds preceding this line is weaker than that in the control calculation. In addition, the strength of the convergence weakens earlier. The surface winds at 0200 LST on days 2 and 3 for this calculation are shown in Fig. 12 . Note that the convergence line over the gulf is extensive and affects the area along the southern gulf coast.
The situation is somewhat different in the case of an 8 m s Ϫ1 southeasterly flow, for which the near-surface u and isotachs along the latitude circle that passes through Mornington Island are shown in Fig. 13 . While some of the features in these fields are repeatable from day to day, others are not. A strong westerly sea-breeze flow forms in the late morning and penetrates much farther inland than in the control calculation. Moreover, the strength of this flow increases from day to day. On days 1 and 2, the winds over the gulf have a mostly southerly component, but on the afternoon of day 3 and early morning of day 4 this component reverses sign, an indication that the long inertial period in the gulf region is important in this case. As in the other cases, the formation of a convergence line over the peninsula occurs in the evening and again this line translates westward during the night. However, the line does not extend as far southward as the southern gulf coast, as is evident in the surface wind fields shown in Fig. 14. In particular, the convergence line does not reach Burketown on either day shown, a feature that is in accord with the observation that morning glory disturbances there are rarely observed when the winds are southeasterly. Note also the differences between the flow over the gulf at 2200 LST on the two days. On day 2 the flow over the central and western parts has a pronounced southerly component, whereas on day 3 the winds there are northerly in the south and light westerly in the north.
Observations show that during the late dry season, morning glory generation is almost a nightly occurrence over Cape York Peninsula, but only a fraction of these disturbances apparently survive until sunrise on the following morning, judging by their arrival at Burketown. Furthermore, recent field observations, including daily predisturbance radiosonde soundings at Burketown do not show any significant difference in waveguide structure between days on which disturbances survive to cross the southern part of the gulf and those that do not. Our model calculations suggest that the broadscale wind direction is a key factor here. They show that for southeasterly flow, convergence lines form on the peninsula but do not extend to the southern gulf coast. The broadscale wind speed may be important also. In calculations not reported here, a reduction in the geostrophic wind speed delays the formation of the morning glory convergence line on the western side of the peninsula. Disturbances that arrive there beyond a certain time would not reach Burketown until the morning glory waveguide has been destroyed in the Burketown region by renewed convective mixing.
Circulation over the northern gulf region for easterly flow
The NACL was the subject of an observational study in October 1986 (Holland et al. 1986; Drosdowsky et VOLUME 126 
14. Vector plots of the surface wind in the calculation with a southeasterly flow at 2200 LST (a) on day 1 and (b) on day 2, and at 0600 LST (c) on day 2 and (d) on day 3. The differences between the wind fields at corresponding times are discussed in the text.
al. 1989) and as part of this experiment, serial radiosonde soundings were carried out at Weipa. An extraordinary feature of these soundings was the occurrence of an enhanced easterly component of flow with its maximum amplitude around 900 mb (1 km) in the morning hours, typified by the 0300 and 0900 LST soundings (see Drosdowsky et al. 1989, Fig. 2) . This low-level jet was not accompanied by a prominent signal in the meridional component of the flow; hitherto, no explanation for it has been advanced. Its occurrence is significant in that rawinsondes at that location may not be representative of the surrounding region-that is, the region within a radius of half the distance to the next rawinsonde station. Interestingly, a similar feature is present in the control calculation. This is evident from the timeheight isotach cross sections of the zonal and meridional wind components for the 72-h period commencing at 1400 LST on day 1 at Weipa (shown in Fig. 15 ). The reason for the feature is suggested by Fig. 16 , which shows a space-time cross section of the u and isotachs at a height of 500 m above the surface calculated along a latitude circle that passes through Weipa for the 72-h period commencing at 1400 LST on day 1. The accelerated easterly flow occurs first over the eastern side of the peninsula and extends westward with time (Fig.  16a) . The evolution of the flow in this cross section is similar to that described earlier (illustrated in Fig. 17) , which shows longitude-height cross sections of the isentropic surfaces below 3.5 km along the latitude of Weipa at four hourly intervals between 1400 LST on day 1 and 0200 LST on day 2, and in Fig. 18 , which shows isotach cross sections of the zonal wind component for the period 1800 LST on day 1 to 1400 LST on day 2. One essential difference between the behavior in these fields and that in the Mornington Island cross section is that the peninsula is much narrower at the latitude of Weipa. It is clear that the acceleration of the easterlies is associated with the zonal temperature gradient that develops over the eastern side of the peninsula during the late morning and early afternoon. The maximum gradient translates westward with time and is situated near the west coast of the peninsula at 1800 LST, the remnants of the convectively well-mixed layer having been advected out over the gulf by this time (Fig.  17b) . The disturbance continues to propagate westward overnight as a long wavelike disturbance. Examination of the isotach fields in Fig. 18 shows an eastward tilt of the disturbance with height. For an easterly basic flow, this is indicative that the disturbance is radiating energy vertically.
The easterly surge attains its maximum development over the whole peninsula at 0600 LST and is confined largely to a layer below 1 km in height, which is consistent with the observations. However, a second maximum in the easterlies develops over the gulf in association with a feature that originally formed the return branch of the sea-breeze circulation near the west coast of the peninsula. By 1000 LST, this feature is already
. Vertical cross sections of the isentropic surfaces below 3.5 km along the meridian that passes through Weipa in the north of the gulf at selected times: (a) 1400 LST on day 1, (b) 1800 LST on day 1, (c) 2200 LST on day 1, and (d) 0200 LST on day 2.
over Gove on the west coast of the gulf and has the form of an easterly jet located at about 2 km. Again, the feature is significant because it calls into question the representativeness of the routine 2300 UTC rawinsonde soundings at Gove for the surrounding region.
The remains of the easterly surge over the peninsula persist in weakened form until at least 1000 LST (Fig.  18f) , and the surge is at its weakest at 1400 LST on day 2, albeit a little stronger than at the same time as day 1. Thereafter, a similar diurnal sequence is resumed. The low Coriolis acceleration in these latitudes explains the relatively weak signatures in the meridional wind that occur in the model (Fig. 16b) and those observed during the 1986 experiment (not shown.)
The longevity of morning glory disturbances
The present calculations, together with the results of a recent observational study, lead us to new interpretations concerning the dynamics of the morning glory.
Studies of solitary wave dynamics, believed to be applicable to the component bore waves of the disturbance, suggest that the waves should decay rapidly by the upward radiation of energy since the waveguide on which they propagate in the gulf region is always sufficiently leaky (see, e.g., Mitsudera and Grimshaw 1991; R. Grimshaw 1996, personal communication) . Estimates based on linear wave theories suggest that sinusoidal waves having the same wavelength as morning glory waves (typically 10-20 km) would lose a significant fraction of their energy by upward radiation before they travel one wavelength (see, e.g., Crook 1988) . These results appear to be at odds with observations that show the waves to be relatively long lived. Furthermore, radiosonde soundings in the pre-morning glory environment at Burketown show that northeasterly morning glories may reach Burketown even on days when the nearly neutrally stable layer above the surface-based stable layer is absent (Menhofer et al. 1997) , as in the model calculation (see section 4b). Our calculations lead us to FIG. 18. (Continued) hypothesize that the convergence line and bore are one and the same feature and are continuously forced by the energetic mesoscale circulations that develop over the peninsula. Indeed, the calculations show that these circulations are thermally forced, a manifestation of the sea breezes over the peninsula and gulf seaboard. We hypothesize further that the energy losses associated with the leakiness of the waveguide in morning glory wave disturbances are at least partially offset by energy gains associated with the evolving mesoscale patterns generated by sea-breeze circulations. These hypotheses cannot be tested using the present model: first, the model resolution is far too coarse to represent the individual waves, and second, the model is hydrostatic, an assumption that would preclude the formation of solitary waves in deep fluids (see, e.g., Christie 1992). Note we do not suggest that the waveguide is of no importance at all; in fact the numerical model calculations by Crook (1988, Fig. 2) show that wave generation is favored by a strong waveguide. However, they show also that in the absence of wave trapping, a borelike disturbance still develops, even though the amplitude of the bore waves is significantly reduced in this case.
Conclusions
We have presented a comprehensive numerical study of the thermally forced mesoscale circulations that are common flow features of the lower atmosphere over the Gulf of Carpentaria region of northern Australia for much of the year. The results, which indicate the regular formation of a nocturnal convergence line at low levels over the gulf, complement and extend those of our earlier study. Calculations for a range of uniform geostrophic flows over the region, with directions typical of the dry season conditions, show that the development over the gulf of westward-moving lines of low-level convergence is the rule. This explains why traveling convective-and wave-cloud lines are commonly observed over the gulf. The convergence lines are associated with sea-breeze circulations that develop over Cape York Peninsula and around the gulf. For easterly and northeasterly geostrophic flows, the circulations that develop are broadly repeatable from day to day, despite the relatively long inertial period (nearly two days) in the region. However, this is not the case for a southeasterly flow. It does not appear that the sea-breeze circulations on the western side of the gulf have a significant effect on those on the eastern side and in particular on the formation of convergence lines over the gulf.
The presence of the orography on Cape York Peninsula enhances the low-level easterly flow over the eastern side of the peninsula but delays the formation of the morning glory convergence line on the western side.
The quasi-regular, diurnally varying patterns of lowlevel flow over the gulf region, and in particular at coastal locations around the gulf, call into question the representativeness of rawinsonde soundings carried out there. This is because the flow patterns have timescales comparable with or less than the frequency of rawinsonde ascents (i.e., 6 h) and they have a spatial scale that is appreciably smaller than the separation between rawinsonde stations in the region. Moreover, these flow features may not be captured by current numerical forecast models. Similar questions might be asked of soundings at other locations in the Tropics where thermally induced circulations are large and not well represented in forecast models.
Finally, our calculations lead us to reinterpret earlier ideas concerning the longevity of the waves. They suggest that the bore-wave system should be regarded as continuously forced by the mesoscale circulations that arise in the area so that energy loss by the individual waves on account of the vertical radiation of wave energy do not lead to rapid wave decay as might otherwise be the case. In turn, the mesoscale circulations are associated principally with thermally forced circulations associated with the sea breezes over the peninsula and gulf seaboard.
